Traditional wind turbine control algorithms attempt to maximize power capture at low speeds and maintain rated power at high wind speeds. Active power control refers to a mode of operation where the turbine tracks a desired power reference command. Active power control enables wind farms to perform frequency regulation and to provide ancillary services in the energy markets. This paper presents a multiple input, multiple output strategy for active power control. An H∞ controller is designed at several operating points to coordinate the blade pitch angle and generator torque. The objective is to track a given power reference command while also minimizing the structural loads. The controller is gain-scheduled based on the wind speed and the power output in order to compensate for the nonlinear turbine dynamics. This allows the turbine to be operated smoothly anywhere within the power / wind speed envelope. The performance of this gain-scheduled design is evaluated using high fidelity simulations.
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I. Introduction
As a promising renewable energy, wind power is increasing fast in energy markets all over the world. Though it only accounts for 3 % of the electricity produced globally in 2011, the penetration of wind energy is very high in some European countries. 1 In the United States, the amount of wind energy is expected to increase to about 30 % by 2020 to 2030. 2 The power output of wind turbines is variable due to time-varying wind speeds and this may cause unreliable operation of the power grid. This is not a significant issue when wind power is only a small portion of the total electricity generated on the grid. However, to integrate higher levels of variable wind power into the grid it is important for wind turbines to provide active power control (APC).
3 APC can be used for the turbine to respond to fluctuations in grid frequency, termed primary response, and to the power curtailment command from transmission system operator, termed secondary response or automatic generation control (AGC).
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Traditional wind turbine control systems 5 do not provide active power control. The power electronics used in variable speed wind turbines decouple the mechanical/inertial turbine dynamics from the power grid. Thus a wind turbine with a traditional control law does not have the inertial response to a grid frequency event like a conventional coal power generator. 6 As a result the wind turbine does not participate in the primary response. Moreover, the power output from the turbine fluctuates with variations in wind speed. As a result, new control strategies are being considered to enable wind turbines to track power commands and possible provide ancillary services. [7] [8] [9] [10] [11] [12] Some of these designs provide primary response by using inertia response emulation. 7, 8 Another approach is to operate the wind turbine above the optimal tip speed ratio thus reserving kinetic energy. 9, 10 This approach enables the wind turbine to track the power commands and hence this can be used to realize AGC. The use of blade pitch control with or without combined generator torque control has also been explored.
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This paper proposes a gain-scheduled H ∞ controller to provide APC. The architecture is a 2-input, 2-output controller where collective blade pitch and generator torque are coordinated in order to track power and rotor speed reference commands. The controller is scheduled on the wind speed and power output. This enables the gain-scheduled controller to have a uniform structure and operate smoothly anywhere within the power/wind speed envelope of the turbine. Compared with a standard LPV controller 13, 14 which is solved from linear matrix inequalities, the gain scheduling in this paper is realized by linear interpolation of the LTI controllers designed at grid points in the envelope. This simplifies the design process and allows for smooth transitions of the closed-loop system between low and high wind speed operation. The remainder of the paper is organized as follows. Section II briefly reviews traditional turbine control and describes the proposed gain-scheduling approach for APC. Section III gives the detailed design process for the gain scheduled H ∞ controller. Simulation results are presented and discussed in Section IV. Finally, conclusions and future work are summarized in Section V.
II. Control Strategy Development for APC
The proposed strategy for active power control of an individual turbine is developed in this section. Section II.A briefly reviews the traditional operation and control for a utility-scale wind turbine. The new active power control strategy is described in Section II.B.
A. Traditional Wind Turbine Control
The captured power is given by P c = . In words, λ is defined as the blade tip tangential velocity divided by the wind speed. Figure 1 shows a contour plot of the power coefficient C p as a function of the blade pitch β and tip speed ratio λ. The contours are shown for the WindPACT 1.5 MW turbine model provided with the NREL FAST turbine simulation package. 16 The main control inputs to operate the turbine are the blade pitch angle β and generator torque
The trade-off between power capture and load reduction is typically achieved using a mode-dependent controller with objectives that depend on the wind speed. 5, 17, 18 There are essentially four operating regions as shown in the power versus wind speed curve in Figure 2 . Below the cut-in speed (Region 1), there is insufficient wind and the turbine is kept in a parked, non-rotating state. Above the cut-out speed (Region 4), the turbine is shut down to prevent structural damage.
Between the cut-in and rated wind speeds (Region 2), the objective is to maximize the captured power. As shown in Figure 1 , the power coefficient attains its optimal value of C p * = .5075 when λ * = 7.2 and β * = 1.4 deg. Thus power capture is maximized by holding blade pitch constant at β * and commanding the generator torque such that the turbine operates at λ * . It can be shown that the standard control law 18, 19 τ g = K g ω 2 achieves this goal in steady winds if the gain is chosen as
where N [unitless] is the gearbox ratio.
Between the rated and cut-out wind speeds (Region 3), the objective is to maintain the rated power while minimizing the structural loads on the turbine. In Region 3, the generator torque can be held constant and the blade pitch angles are actively controlled to maintain rotor speed at its rated value. Classical PI or PID controllers 18, 19 are widely used for the blade pitch control. Many methods have also been developed to improve the load reduction performance in this region, e.g. individual pitch control, 20, 21 LIDAR feedforward, 22, 23 and advanced modern control methods. [24] [25] [26] Blending is used as the wind speed approaches the rated wind speed to ensure smooth transition between the Region 2 and Region 3 control objectives. The transition between Regions 2 and 3 is sometimes referred to as Region 2.5. Region 2.5 is introduced because the rated rotor speed is usually reached before the Region 2 control law reaches the rated torque. A linear torque vs. rotor speed relation is typically used to ramp from the standard τ g = K g ω 2 to the rated torque.
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B. Architecture for APC
The traditional turbine control system reviewed in Section II.A does not provide active power control. This section describes the proposed approach to provide the capability to track power reference commands. It is important to note that the wind conditions limit the power that can be generated (in steady-state) by the turbine. Specifically, the turbine must operate within the power vs. wind speed envelope shown in Figure 2 . Thus active power control is constrained to power reference commands that are within this envelope. Methods to reserve power and operate within this envelope include de-rating, relative spinning reserve, and absolute spinning reserve. 10, 12, 27 Each of these methods corresponds to operation along a specific power vs. wind speed curve that lies within the available power envelope.
Our proposed approach is to use gain scheduling to operate anywhere within the power envelope. This would enable de-rating, relative spinning reserve, and absolute spinning reserve as special cases. The basic operational concept is shown in Figure 3 . Trim points, denoted by red x's, are chosen at many points on a grid within the power curve. At each trim point, the turbine dynamics are linearized and a control law is designed using linear design techniques. Linear interpolation is used to calculate the controller gains for operation between trim points, i.e. the controller is gain scheduled based on trim power and wind condition. Details on this design and implementation are provided in the next section. The gain scheduling approach described here is less rigorous than modern linear parameter varying (LPV) techniques. 28, 29 The LPV design techniques account for time variations in the scheduling variables. The gain scheduling proposed here should be sufficient for slow variations in the scheduling parameters although there are no formal performance guarantees. The benefit of gain-scheduling, as compared to more formal LPV techniques, is the ease of design and implementation. The control design at a single trim point is now briefly described. To operate at one of the (v, P ) trim conditions within the envelope, the turbine must reduce the power coefficient to a new value C p < C p * by changing the blade pitch angle and/or the tip speed ratio. As shown in Figure 1 , there is a contour of possible values of (λ, β) that achieve any value of C p < C p * . For a given (v, P ) trim condition, the controller can be designed to operate at any point on the new C p contour. For example, in low wind speeds the controller proposed in 10 shifts from (λ * , β * ) to a larger tip speed ratio λ > λ * while holding blade pitch fixed at β * . The benefit of this approach is that the turbine operates at a higher rotor speed and hence retains kinetic energy that can be extracted at a later point in time. To summarize, each (v, P ) trim condition corresponds to a desired power coefficient. The selection of (λ, β) along the contour of this desired C p enables a secondary performance objective to be achieved, e.g. stored kinetic energy, reduced structural loads, etc.
The controller proposed in this paper tracks the desired power as follows. In low wind speeds, the controller shifts from (λ * , β * ) to the desired C p by increasing to a larger blade pitch β > β * while holding tip speed ratio fixed at λ * . The red arrow in Figure 1 indicates the proposed shift to the desired C p in low wind speeds. In constant wind conditions, this approach holds desired rotor speed constant (to maintain λ * ) while blade pitch angle is increased to shed extra power according to the desired power command. The benefit is that the constant loads on the blade, tower, and gearbox should be reduced by this method of shedding power. However, this approach has the drawback that it will increase the pitch actuator usage. Another drawback of this approach is that less kinetic energy is retained in the rotor than if the turbine were to shift to a larger tip speed ratio.
The APC strategy proposed in this paper can be implemented as the control system structure shown in Figure 4 . A 2-input, 2-output control system is used to coordinate the blade pitch and generator torque. The main objective is to track the power reference command P cmd . The rotor speed command ω cmd specifies the desired point on the power coefficient contour. In particular the rotor speed command is defined as follows:
where w rated is the rated rotor speed and v trim is an estimate of the effective wind speed. As described above, this rotor speed command attempts to keep the λ at the optimal value λ * at lower wind speeds. This will cause an increasing rotor speed demand as wind speed increases. At higher wind speeds, the rotor speed command saturates and attempts to maintain the rated rotor speed. It is assumed that an accurate and real time measurement of the wind speed is available. As shown in Figure 4 , an estimate of the wind speed could be obtained from a LIDAR. 30 Alternatively, an estimate of the effective wind speed could be constructed.
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In either case, the actual wind speed fluctuates and hence low-pass filtering, denoted LPF1 in the figure, is used to smooth out these fluctuations. The use of gain-scheduling with this MIMO architecture allows for uniform performance of the turbine across all wind conditions. In other words, controllers of the same structure can be integrated using the technique of gain scheduling to meet the requirements in different wind conditions. The performance of the control system should be uniform and easy to design. The problem of transferring between regions of operations will also be a natural procedure in the design. However, it should be noted that this combined MIMO control structure is more complicated than the SISO loops used in traditional wind turbine control. This may limit the ease of transitioning the proposed method to industrial turbines. A variety of simpler control architectures for APC were proposed and compared by Jeong, et. al. 
III. Gain Scheduled H ∞ Control Synthesis
This section provides details on the gain-scheduled approach introduced in Section II. The controller is designed for the WindPACT 1.5 MW wind turbine whose model is contained in the FAST simulation package. 16 First, the one-state rotor dynamic model is linearized at an arbitrary trim condition. Next, H ∞ control design is described for one trim condition. Finally, details are provided for the gain-scheduling approach.
A. Linearized Model For Control Design
The FAST simulation package developed by NREL 16 is a nonlinear simulation package that is widely used for wind turbine control and analysis. This model includes up to 24 degrees of freedom, including different tower and blade bending modes. FAST models can be linearized at a steady wind speed to obtain a periodic, linear time-varying model. The multi-blade coordinate transformation can then be applied to obtain an approximate linear time-invariant model. The resulting linear time invariant models are suitable for advanced control design. However, to simplify the synthesis of the gain scheduled controller this paper uses the one-state rotor model (described below) for design. The nonlinear one-state rotor model captures the essential aerodynamics and rotor dynamics of a wind turbine. 19 This model does not contain structural dynamics but it simplifies the design and it is useful for understanding the effectiveness of the proposed active power control strategy. Moreover, the one-state model is only used for design but the controller is evaluated using higher fidelity simulations within FAST.
The one-state rotor model is given by:
where τ a and τ g [N · m] are the aerodynamic and generator torques on the drive train.
is the inertia of all rotating parts, including the blades, hub and drive train. ω [rad/s] is the rotor speed on the low speed side of the drive train. The aerodynamic torque can be expressed in terms of the captured power as
The generator power output is given by
where E is the generator efficiency. The model used here also includes the standard control law in Equation 1 as an inner loop of the turbine dynamics and part of the system to be controlled. This inner loop is helpful to maintain stability of the turbine. The analysis will be provided later. Moreover, retaining this inner loop feedback enables the potential to shift smoothly between APC and the traditional torque control. Therefore, τ g is given by:
where τ [N · m] is the torque commanded by the outer loop for APC.
The model used for control design is obtained by linearizing this nonlinear system at a trim condition. Since the objective is to control the power output, a specific power P 0 and wind speed v 0 are selected for trim condition. The trim rotor speed ω 0 can then be calculated from v 0 based on the rotor speed command in Equation 2. The trim generator torque is calculated from τ g0 = P0 EN ω0 . C p0 is derived from the ratio of trim generator power P 0 to the power available from the wind. Finally, the trim collective blade pitch β 0 is found from the C p0 contour data. Table 1 shows a single trim condition used for linearizing the WindPACT model. 
Let ∆ be used to denote the deviation of a variable from its trim condition, e.g. ∆ω := ω − ω 0 denotes the deviation of the rotor speed from the trim operating condition. The linearization of the nonlinear rotor model is given by a state space model of the forṁ
x := ∆ω is the state, u := ∆β ∆τ is the vector of control inputs, and y := ∆P ∆ω is the vector of system outputs. The state matrices are given by:
For the trim condition in Table 1 , the partials derivatives appearing in this linearization are ω 0 . This term arises from the inner-loop standard law feedback and it is helpful to ensure the stability of the turbine dynamics.
B. H ∞ Synthesis at One Trim Condition
This section describes the APC design at a single operating condition using the linearized one-state model presented in the previous subsection. The proposed control architecture in Figure 4 uses collective blade pitch and generator torque in order to track power and rotor speed commands. In principle, the controller could be implemented using the decoupled system shown in Figure 5 . In this diagram G(s) denotes the linearized one-state rotor dynamics and A β (s) denotes the dynamics of the blade pitch actuator. The dynamics of the blade pitch actuator are modeled as a low pass filter A β (s) = 1 s+1 . In this decoupled structure, the blade pitch is used to track power reference commands. The blade pitch actuation shifts the power coefficient based on the power tracking error and this causes a change in the aerodynamic torque τ a . The generator torque is used to track the rotor speed commands. The decoupled controllers in this architecture, K β (s) and K τ (s), could be simple classical controllers, e.g. PI controllers, designed to achieve the tracking objectives. This decoupled structure is simple and easy to understand. However, it complicates the control design because the turbine dynamics couple together the power and rotor speed. This dynamic coupling makes it difficult to properly tune the independent controllers K β (s) and K τ (s). Moreover, the gain scheduling design described in Section II.B requires controllers to be designed at many different trim points. Thus, manual tuning of the controllers in this decoupled architecture would be time consuming and it would be difficult to achieve uniform performance across the entire operational envelope.
For these reasons H ∞ synthesis 32, 33 is applied in this paper to design coupled MIMO controllers. This methodology should enhance the performance by properly coordinating the two control inputs. Moreover, performance weights can be specified to enable tuning of the controller at many trim conditions. The augmented system for H ∞ synthesis is shown in Figure 6 . Here, seven different weight functions are chosen to specify the performance requirements. The choice for each of these weights is described in detail below. W 1 (s) and W 2 (s) are two performance weights that specify the objectives for power and rotor speed tracking. These weights are chosen to limit the low frequency error with less emphasis on high frequency tracking. The bandwidth of the power tracking weight is selected to be 0.08 rad/s. This is a conservative bandwidth but it is sufficiently fast for many power tracking objectives, e.g. AGC. The low frequency gain is 5000 which corresponds to a desired steady-state error in power tracking of 0.2 kW . This enforces a very tight power tracking requirement in steady state. Finally, the performance weight on the power tracking error is given by:
The weight on rotor speed error W 2 (s) is chosen similarly:
Next, W 3 (s) and W 4 (s) are two weights used to penalize the actuation of blade pitch angle and generator torque, respectively. Both weights are chosen as high pass filters to penalize high frequency control effort. W 3 (s) is chosen to have a bandwidth of 0.15 rad/s and this weight is specified as:
The generator torque can be actuated sufficiently fast that its actuator dynamics can be neglected. However, the weight W 4 (s) is still required to avoid aggressive generator torque commands and hence accommodate the use of the blade pitch actuator whose bandwidth is relatively narrow. This enables the proper coordinate of the two control inputs. The weight W 4 (s) is chosen as: 
C. Gain Scheduled Control Synthesis
The previous subsection introduced the H ∞ synthesis for APC at a specific trim condition. Due to the nonlinear turbine dynamics the performance of this single controller may only be acceptable for a relatively small range around the trim power and wind speed trim point. The technique of gain scheduling is used here to cover the entire working envelope. Compared with a standard LPV controller, 13, 14 a gain-scheduled controller is relatively easy to design. In particular, the formal LPV methods require the solution of linear matrix inequalities that ensure guarantee performance. Gain scheduling, as used here, simply refers to linear interpolation of the H ∞ point designs and hence is less computationally intensive to design. However, this use of linear interpolation offers no performance guarantees. Figure 3 shows the working envelope of the wind turbine. The design in Section III.B is based on a specific point in this envelope. For the preparation of the gain scheduling design, 36 trim points are chosen uniformly in increments of 200 kW in power and 2 m/s in wind speed. These 36 trim points are denoted by x's in Figure 3 . H ∞ controllers are designed at each trim condition using the same weights given in Section III.B.
Gain scheduling is used to interpolate the point control designs and their corresponding trim conditions. The detailed gain-scheduled structure is shown in Figure 7 . Wind speed and power output signals are low pass filtered and sent to the controller as trim conditions v trim and P trim . The wind speed signal is the same as that used to calculate the rotor speed reference command. The two low pass filters are chosen after some trial and error to have corner frequencies of 0.1 rad/s (LPF 1) and 0.04 rad/s (LPF 2). The trim values of blade pitch angle β trim and generator torque τ trim are calculated by linear interpolation. Specifically, the four nearest "grid" trim points {v i , P i } 4 i=1 of the current (v trim , P trim ) are determined as shown in Figure 3 . The fractional distance along each coordinate axis is computed as
. Finally, the trim blade pitch and generator torque is given by
Some trim conditions near the boundary of the operating area have less than four neighboring "grid" trim points. For conditions with only two neighbors, the interpolation is along a single dimension. For conditions with only three neighbors, the fourth missing interpolant is filled using the grid condition that occurs at the same trim wind speed. The state-space matrices for the controller,
fashion as that given in Equation 17 . As shown in Figure 7 , the trim inputs β trim and τ trim are added to the control inputs ∆β and ∆τ generated by the scheduled controller K. The standard torque feedback is used as an additional inner loop feedback for stabilizing the system as described in Section III.A.
IV. Simulation Results
A. Simulation for A Single LTI Controller
The first group of simulations were performed on both the linearized one state model of Wind PACT 1.5 MW wind turbine and the corresponding nonlinear model in FAST. The structural modes in the FAST model include the first flap-wise blade mode for each blade and the first fore-after tower bending mode. Including the rotor position, the model has five degrees of freedom. This is a general setting for all the simulations in FAST. Both simulations only use an H ∞ controller designed at one trim condition as described in Section III.B. The controller was designed at the steady wind speed of 8 m/s and trim power of 400 kW . The maximum captured power at this wind speed is 581 kW . Two simulation results are shown in Figure 8 . The left subplots show the results for a power command signal that steps from 400 kW to 450 kW at t = 50 s and then back to 400 kW at t = 150 s. The wind speed was held constant at the trim condition. The left subplots show, from top to bottom, the rotor speed response, power output, blade pitch angle, and generator torque. Results are shown for both the linear (dashed) and nonlinear (solid) simulations. These simulation results show good agreement between the nonlinear FAST and linear simulations. The generator power output reached the new level by 90 % in less than 10 s without overshoot. The rotor speed fluctuation was also well regulated.
The right subplots in Figure 8 shown the simulation results for a power step command from 400 kW to 550 kW and then back. The wind speed was again held constant at the trim condition. The linear and nonlinear simulations show similar power tracking performance. However, the nonlinear simulations show some discrepancies in the rotor speed and blade pitch angle responses. These discrepancies are due to the nonlinear turbine dynamics which become more significant for larger deviations from the trim operating condition. In general a single H ∞ controller can perform well near its corresponding equilibrium point. However, the difference between linear and nonlinear model will increase as the power command signal increases. This verifies the importance of implementing a gain-scheduled controller to deal with the nonlinearity of the wind turbine. 
B. Simulation for Gain Scheduled Controller
The second group of simulations were performed with the gain-scheduled controller designed in Section III.C. The gain-scheduled controller was simulated using the nonlinear FAST model in turbulent wind conditions.
In the first simulation, the wind profile contains 5 % turbulence at a mean wind speed of 8 m/s. This corresponds to a typical Region 2 wind profile. The results are shown in Figure 9 for the gain-scheduled controller (solid line). For comparison, the figure also shows the turbine response for the the standard Kω 2 torque feedback which attempts to maximize power capture (dashed line). The subplots are, from top to bottom, the rotor speed, power capture, blade pitch, and generator torque. The power capture command for the gain-scheduled controller (dash-dot line in second subplot) steps from 400 kW to 500 kW at t = 150 s, then drops to 300 kW at t = 300 s and finally steps back to 400 kW at t = 450 s. The gain-scheduled controller has a 90 % settling time response to the step commands of less than 10 s. In addition, the power tracking resists the fluctuations introduced by wind turbulence. Since the wind speed remains within the region 2, the rotor speed command specified in Equation 2 is proportional to the low-pass filtered wind speed estimate. This rotor speed command is shown as the dash-dot line in the top subplot. The rotor speed regulation for the gain-scheduled controller has smaller fluctuations than those observed for the standard torque feedback. To evaluate these fluctuations, define the root mean square (RMS) of the rotor speed tracking error ω RM S as:
T is the simulation time. ω and ω cmd are the rotor speed and its reference. Since both standard control law and APC try to track the optimal TSR λ * in low wind speed, their tracking errors as defined above can be calculated. Similarly, the RMS of the pitch rate can be defined to indicate the pitch actuation. The damage equivalent loads (DEL) are also calculated to evaluate the performance of the gain-scheduled controller. All these results are shown in the first part of Table 2 which is labeled by 'under Rated Wind'. Compared to the standard control law, there is a significant decrease in the RMS of the rotor speed tracking error for the gain-scheduled controller. At the same time, the DEL of the blade root flapwise bending moment and the tower fore-after bending moment decrease over 20 % (the exact ratio is shown in the parentheses after the value for each item). The DEL of the low speed shaft torque for the gain-scheduled controller is very close to the value for the standard control law. However, the simulation for APC in Figure 9 contains several step power command signals that lead to abrupt changes in generator torque. In order to certify the effect of these changes to the DEL, a supplementary simulation using the gain-scheduled controller is done with constant power command signal at 500 kW . The results are shown in the last column of Table 2 . The DEL of the low speed shaft torque decreases about 30 %. These results indicate that large loads occur on the shaft during step changes in power command. These loads would be alleviated in practice by using smooth (rather than step) power command transitions. The gain-scheduled controller uses (third subplot of Figure  9 ) blade pitch actuation in these region 2 conditions to obtain the improved performance mentioned above. It is also shown in the rows of the 'RMS Pitch Rate' and the 'Max Pitch Rate' of Table 2 . This additional pitch actuation is the extra price the gain-scheduled controller paid for APC at under rated wind speed. Finally, the maximum available power is 581 kW for a steady 8 m/s wind speed and the power command remains within this limit. However, there were two periods during t = 200 s to t = 300 s where the wind speed dropped sufficiently that the available power was lower than the command power. The time intervals were short enough that the impact on power tracking was negligible. The transient performance in turbulent wind conditions needs further consideration. The second simulation was performed at an average wind speed of 13 m/s with 5 % turbulence. The mean wind speed corresponds to above-rated, i.e. Region 3, wind conditions. The results are shown in Figure 10 for the gain-scheduled controller (solid line) and a traditional PI blade pitch control law (dashed line). The subplots again are, from top to bottom, the rotor speed, power capture, blade pitch, and generator torque. The power capture command for the gain-scheduled controller (dash-dot line in second subplot) steps from 500 kW to 900 kW at t = 150 s, then drops to 100 kW at t = 300 s and finally steps back to 500 kW at t = 450 s. The rotor speed command for the gain-scheduled controller (Equation 2) is held fixed at the rated rotor speed (shown as dashed dot line in top subplot). Compared to the traditional PI blade pitch controller, the gain-scheduled design shows better rotor speed regulation except for the transients after step changes in power command. Since both the traditional PI controller and the gain scheduled controller try to track the rated rotor speed in high wind speed, the RMS of the tracking errors can be calculated as defined in Equation 19 . The second part of Table 2 which is labeled by 'above Rated Wind' verifies this observation. The power tracking and disturbance rejection performance of the gain-scheduled design was also reasonable. The blade pitch actuation was smoother for the gain-scheduled design than the traditional PI controller. This is also shown in Table 2 . However, the high frequency blade pitch actuation obtained with the traditional PI controller could be removed with further tuning. Finally, the generator torque for the gain-scheduled design required additional activity to track the power commands and that leads to a significant increase (about 200 %) of the low speed shaft DEL when step signal adds in. Again, a supplementary simulation using the gain-scheduled controller is done with constant power command at 900 kW . The low speed shaft DEL is about 14 % over the value for the standard control law in this situation. These results again indicate that discontinuous step changes in the power command lead to a significant increase in shaft DELs. Hence smooth power commands would be required in practice to avoid large shaft loads. Finally, the DEL of the blades and the tower are much lower for the gain-scheduled controller than the standard law, especially when the power command is constant. 
V. Conclusion
This paper proposes a gain-scheduled H ∞ control design for active power control. The blade pitch and generator torque are coordinated in order to track a power command and a specific tip speed ratio. Controllers are synthesized on a grid of trim operating conditions and the gain scheduling is used to interpolate for operating between these trim points. The proposed structure enables a uniform design and operation anywhere within the power envelope of the turbine. Simulation results were provided for the feasibility assessments of this control architecture. The power tracking performance is reasonable. Simulations studies indicate that the proposed control design shows better rotor speed tracking and lower tower/blade damage equivalent loads as compared to the standard control law. Shaft damage equivalent loads are higher for the proposed control design but still remain within acceptable limits. However, several aspects of the gain-scheduled control design need further consideration. These include the maximum power tracking bandwidth, additional outer loop controls for different ancillary services, upper bounds on the command power in turbulent wind conditions, actuator saturation, and more rigorous LPV designs.
